Abstract Deep-vein thrombosis (DVT) and pulmonary embolism (PE) represent life-threatening postoperative complications frequently responsible for in-hospital mortality following total knee arthroplasty (TKA). Mechanical prophylaxis in the form of a foot pump offers an alternative to pharmacological and physical therapy. The aim of this prospective and randomised study was to examine the clinical efficacy of the A-V Impulse (AVI) system in reduction of soft-tissue swelling of the lower limb following a TKA. A total of 80 patients undergoing cemented TKA between September 2005 and December 2006 were randomised into two groups of 40 patients (n¹=40, n²=40) during the 16-month study period. All patients received a subcutaneous dose of low molecular weight heparin (LMWH) (Enoxaparin/Clexane® 40 mg) once daily beginning 24 hours prior to the operation. The mean age for the groups n¹ and n² were 68.93 and 68.15 years, respectively. The reduction of soft-tissue swelling in the n¹ group was significantly higher (p<0.05) compared with n². Evaluation of body mass index (BMI) with regard to the average reduction of soft-tissue swelling showed no significant influence (p<0.05). The better function of the operated knee in group AVI was a significant predictor for improved agility and mobility (p<0.01). No complications were reported for the application of the AVI. No ultrasonographic evidence of DVT or PE was found in any of the 80 patients during the investigative time period of eight days. After three months, there was no evidence of a symptomatic DVT.
Introduction
The rates of deep-vein thrombosis (DVT), asymptomatic pulmonary embolism (PE) and fatal PE after total knee arthroplasty (TKA) in the absence of any prophylaxis range from 0% to 84% [4, 22] . The incidence of postoperative soft-tissue swelling is another common problem associated with TKA. Mechanical prophylaxis in the form of a foot pump, a device that exerts external pneumatic compression on the foot sole [A-V Impulse (AVI) System™, Novamedix Services Limited, Walworth-Andover, England] [1, 3, 6, 10, 19, 25] offers an alternative to pharmacological and physical therapy, such as compression stockings, and facilitates early postoperative patient mobilisation. Using the AVI system, Gardner and Fox demonstrated a positive effect on the microcirculatory physiology of the leg [5, 23] . Several clinical studies have demonstrated the effectiveness of intermittent impulse compression in cases of skeletal trauma and total hip replacement, both as a stand-alone procedure or in synergy with heparin (add-on therapy) [8, 10, 11, [16] [17] [18] 21] .
This prospective and randomised study advances the hypothesis that due application of the AVI system leads to a significant reduction of postoperative soft-tissue swelling in comparison with treatment were foot-pump facilities are absent [17] . In addition, our study addresses the issue of whether application of the AVI system influences the incidence of venous thrombosis following elective unilateral TKA.
Methods
The study was designed according to Consolidated Standards of Reporting Trials (CONSORT) policy. Though in our hospital the average number of patients undergoing total knee replacement (TKR) is about 600 annually, only 80 patients agreed to be part of our study. Between September 2005 and December 2006, 80 patients were randomised to two groups of 40 patients (n¹=40, n²=40), of which group 1 was selected for treatment with the AVI system. Surgery on all patients with a primary diagnosis of knee arthritis was performed in the same hospital as the cemented TKA procedure by means of a straight ventral skin incision and an anteromedial capsule incision. All patients were operated upon under general anaesthesia. Exclusion criteria for the study included patients aged younger than 60 years, body mass index (BMI)>40 (massive adiposis) or <25 (underweight), existing acute DVT, thrombophlebitic varicosis (stages II-IV acc. Marshall), as well as venous insufficiency (stages 2-3 acc. Widmer). Although the operations were performed by more than one surgeon, the same operational technique was used. A tourniquet was always applied to stem blood flow.
According to our standard venous thromboembolism prevention, all patients received a subcutaneous dose of low molecular weight heparin (LMWH) (Enoxaparin/Clexane® 40 mg) once daily beginning 24 hours prior to the operation. In addition, all patients were fitted with thighlength anti-embolic or compression stockings. The AVI system was attached in the recovery room to both feet of group n¹ patients only shortly after completion of the operation. The use of the device was aimed to continue for 24 hours per day. The AVI system consists of two inflatable pneumatic pads that wrap around both feet. An air chamber incorporated in the pad is inflated at intermittent intervals with compressed air. To optimise device function, the legs were positioned lower than the body at an angle of 25°in the reverse Trendelburg position. The patients in group n¹ were free to discontinue the use of the AVI system at will. Circumference of the leg at different prespecified points, range of knee motion, postoperative and patient compliance (duration of application of AVI system in hours per day) were the parameters measured for both groups beginning from day one preoperative to day eight postoperative. Leg circumference was determined by measuring the distance between prespecified points on the leg with a tape measure. These points were previously marked using a permanent ink marker pen on the thigh, knee joint, lower leg and both feet. Using this protocol, repeatable and accurate measurements of up to ±1 mm could be achieved. These measurements were performed at 20 cm above the knee to the inside knee joint line, at 10 cm above the knee to the inside knee joint line, at circumference of the knee centre, at 15 cm under the knee to the inside knee joint line, at minimum circumference of calf or lower leg, at circumference of ankles, at instep and at the ball of the foot daily at 08.00 hours Central European Time (CET) and documented from preoperative day one. For all measurements, values for soft-tissue swelling are defined by the difference between measurements on day one and day eight.
Using a goniometer, daily measurements of the postoperative mobility of the knee joint were undertaken. Patient mobilisation with 50% partial weightbearing began on the second postoperative day and was continued up to the sixth postoperative week. During the period of mobilisation, the AVI system was removed. A recording of patient compliance with regard to the period of AVI system application was undertaken on a daily basis at 08.00 hours CET.
In order to preclude DVT, an ultrasound screening test was performed in both groups by the same internist on day eight. For the duplex ultrasound examinations, a Toshiba SSA-660 A (Xario) 4D ultrasound system was used. The ultrasonographs were interpreted on a blinded basis by a single physician unaware of the thromboprophylactic regime. A DVT event would also be acceptable when relevant clinical symptoms of pulmonary arterial embolism (PAE) in the lung were confirmed using scintigraphy or thoracic computed tomography (CT) [2] . Follow-up on an outpatient basis was performed at three months to exclude a thrombotic event.
Statistical evaluation was carried out using SPSS 17.0 software (Statistical Package for Social Sciences, SPSS Inc. 2008). As it could not be established whether data from this study came from the family of normal distributions, nonparametric tests of significance were used at chosen significance level of α=0.05. To conclude whether or not data were consistent with the null hypothesis that the two patient groups came from the same distribution, we compared α with the critical or p level attained, which is the smallest significance level at which the null hypothesis would be rejected for a given set of observations. Thus, is the probability of a test statistic arising that was as or more extreme than that observed if the null hypothesis were true. The lower the attained p level in comparison with the chosen α, the stronger the evidence against the null hypothesis, indicating the power of the test to detect a false null hypothesis. A p level greater than α indicated failure to reject the null hypothesis. Preoperative data were tested for homogeneity by the Mann-Whitney U test. This test was also used for evaluating soft-tissue swelling at prespecified measuring points as well as for a possible difference in average flexion of the operated knee joint between the two patient groups. Group sizes n¹=n²=40 were chosen to ensure an excellent approximation of the Mann-Whitney test statistic to a normal distribution if the null hypothesis was true, and also to detect a significant difference in softtissue swelling if there was one. The Kruskal-Wallis test was used to test for a significant influence of BMI on softtissue swelling at the prespecified measuring points in three equally sized BMI groups. The correlation between the parameter BMI versus the value for a decrease in soft-tissue swelling for both patient groups was evaluated according to Pearson/Bravais.
Results
Eighty patients were included during the 16-month study period. Mean ages for the n¹ and n² groups were 68.93 and 68.15, respectively, and BMI values were 31.32 and 31.48, respectively. The tourniquet was kept on the lower limb during the operation for an average of 80.13 min (range 53-129 min) in the n¹ group and 80.68 min (range 40-156 min) in the n² group. Since no normal distribution could be established for either group, homogeneity was assessed by the Mann-Whitney U test. At the 0.05 level, no significant difference was found between the two groups. Thus, it was assumed that both groups were homogenous preoperatively. Significant differences in soft-tissue swelling for the thigh region as well as the centre of the knee joint were demonstrated postoperatively for the operated limbs in both groups. The mean reduction of soft-tissue swelling for those variables in group n¹ was significantly higher compared with n² (p<0.05). Accordingly, the improved reduction in swelling for both the thigh region and the centre of the knee joint were statistically confirmed in group n¹. For variables in the lower-leg region (15 cm below the knee joint line and the ball of the foot), values for a reduction in swelling were very close, and no significant difference was established for these variables (Table 1) .
The average BMI values were 31.32 and 31.48 for groups n¹ and n², respectively. The distribution function for BMI was calculated for 100% of the patients and classified in three equally sized BMI groups (<30, 30-33, >33). Evaluation of the BMI with regard to the average reduction of soft-tissue swelling for the defined measuring points using the Kruskal-Wallis test showed no significant (Table 2 ). In contrast, the results for group n² showed a significant influence of each variable 10 cm above the inner knee joint line and at the knee centre.
In addition, the correlation between BMI and reduction of soft-tissue swelling was determined by Pearson/Bravais correlation coefficients R to be significant for both patient groups 20 cm above the knee joint line, 10 cm above the knee joint line and at the knee centre (Table 3) . Results in group n¹ showed that here the BMI did not correlate with a reduction in soft-tissue swelling. In contrast, a negative correlation was found between the BMI and a reduction in soft-tissue swelling at the three points mentioned above. A higher BMI was associated with a comparatively weaker reduction in soft-tissue swelling.
The improved and rapid flexion of the operated knee joint in the AVI group in contrast to the control group was a highly significant predictor for improved agility and mobility (p<0.01) for the AVI-roup (Fig. 1) .
The box plot (Fig. 2) shows homogeneous mobility values of flexion at the operated knee joint for the majority of patients in group n¹. The control group (n²) demonstrated relatively strong fluctuations between a minimum of 55°a nd a maximum of 95°flexion of knee joint mobility.
The longest effective average daily application of the AVI system was 9.79 hours on day one of the operation and 9.30 hours on day two, the first day postoperation. The best compliance for the AVI system was achieved between day one and day four (Fig. 3) , thereafter compliance gradually decreased.
No complications were reported for the application of the AVI system, and none of the patients needed to be operated upon for haemarthrosis. Moreover, no ultrasonographic evidence of DVT or PE was found in any of the 80 patients during the investigative time period of eight days. The clinical evaluation at three months showed no evidence of symptomatic DVT.
Discussion
Our findings confirm the effectiveness of the AVI system in combination with LMWH, in particular, as add-on therapy to facilitate rapid mobilisation of patients following TKA. No evidence of a negative impact of the AVI system on DVT was found. This rapid mobilisation is possible due to a reduction of postoperative soft-tissue swelling in the region of the thigh and knee centre compared with the control group. Similar results were obtained in a study by Westrich and Sculco, who also showed significant reduction in soft-tissue swelling in the lower and upper leg regions following a unilateral TKA and application of a foot compression system in comparison with their control group [24] .
The mobility values of knee flexion in group n¹ showed highly significant homogeneity compared with the control group. In addition, BMI for group n¹ did not correlate with the reduction values in soft-tissue swelling. In contrast, for group n², a negative correlation of BMI with reduction of soft-tissue swelling was recorded for measurements taken at 20 cm and 10 cm above the knee joint line as well as at the knee centre. Thus, a higher BMI was associated with a comparatively weaker reduction in soft-tissue swelling. Due to the effect of BMI on soft-tissue swelling, this negative correlation can be attributed to the AVI system manufacturer's recommended usage of medical compression stockings. The extremely tight compression stockings could, in fact, lead to a decrease of the venous blood velocity that is generated by the pneumatic compression device. A study by Higgs et al. demonstrated a negative influence on the venous flow velocity upon application of the AVI system in combination with compressions stockings compared with treatment with just the foot device [9] . Similarly, a further study by Warwick et al. showed a reduction in the venous peak velocity in the popliteal vein with the simultaneous use of compression stockings and foot pump [20] . In a study by Pitto and Young involving total hip and knee replacement, the combined use of a foot pump and compression stockings compared with sole deployment of the foot pump revealed no reduction in the effectiveness of thromboprophylaxis in the group without compression stockings. In fact, there was an improvement in patient compliance in this group [15] . Generally, however, the manufacturer of pneumatic compression devices (Novamedix) recommends the use of medical compression stockings in combination with the foot device.
Regarding compliance, the best compliance for the AVI system was achieved between day one and the third postoperative day. A significant reduction in patient compliance was documented thereafter. We assume that reduced patient compliance after day three was associated with an improvement in patient mobility, which was due to the application of the foot device.
The incidence of venous thrombosis following unilateral TKA was demonstrated in 86% of patients during the first 24 hours by Maynard et al. [14] by means of early and late postoperative phlebography. Thus, additional use of the AVI system for the management of thromboprophylaxis in patients immobilised during the first postoperative days following TKA should be undertaken promptly.
It has been presumed that the highest incidence for DVT occurs around the eighth postoperative day [13] . On ultrasound examination, no evidence of DVT incidence at eight days was found for the AVI or control group in our study. However, Doppler ultrasonography examination is not the best means of testing for evidence of all thrombotic events following a TKA [7] . On the other hand, Kraay et al.
showed the applicability of Doppler ultrasound examinations for the identification of asymptomatic thrombosis following TKA [12] . A study by Colwell et al. compared a mobile compression device for prophylaxis against venous thromboembolic events following total hip arthroplasty with LMWH [2] . In that study, patients also underwent bilateral ultrasound examinations to screen for thrombotic events. The authors demonstrated that the rates of venous thromboembolic events were similar in both groups. They also reported that the use of the mobile compression device resulted in a significant decrease in major bleeding events. In our study, a physician with more than ten years of experience performed the ultrasound examinations under blinded conditions. None of the patients demonstrated a DVT three months postoperation.
In conclusion, this study demonstrates the safety and versatility of the AVI system in combination with the use of compression stockings and LMWH following elective unilateral TKA. The foot device is easy to apply and is not influenced by postoperative immobility of the patient. Finally, intermittent impulse compression is associated with reduced soft-tissue swelling that, in turn, leads to early patient mobilisation and, thus, to a shorter stay in hospital or the rehabilitation unit, resulting in lower treatment costs.
